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Abstract

The construction of an integrated national strategic system and capability is an essential

goal of implementing the strategy of military-civilian integration in the contemporary era.

And the collaborative innovation of military-civilian S&T is an inevitable choice to achieve

this goal. Due to the dynamic, complex, and stochastic characteristics of military-civilian

S&T collaborative innovation, the level of S&T innovation is highly volatile. This paper takes

the internal and external stochastic disturbance factors of military-civilian S&T collaborative

innovation as the perspective, studies the strategy selection problem of military-civilian S&T

collaborative innovation under military domination, constructs a differential game model to

explore the innovation strategies under the non-cooperative model without military subsi-

dies, the non-cooperative model with military subsidies, and the collaborative model. Finally,

we use numerical experiments to verify the validity of the conclusions. The study shows

that: (1) Within a reasonable range of values of the benefit distribution coefficient, the sys-

tem can achieve the Pareto optimum, and the collaborative model is conducive to improving

the S&T innovation level and the optimum benefit level of the system. (2) Military subsidies

can increase the benefits of the system and the parties involved to achieve Pareto improve-

ment. (3) The level of S&T innovation under the collaborative model has dynamic evolution-

ary characteristics of maximum expectation and variance. As the intensity of disturbance

increases, the stability of the system may be destroyed. Risk-averse civil enterprises prefer

the cooperative mode, whereas risk-averse civil enterprises prefer the non-cooperative

model.

1 Introduction

Building an integrated national strategic system and capability means realizing the integrated

planning, overall promotion, and integrated application of economic construction and

national defense construction so as to maximize the overall national strategic benefits. The

most critical is to combine the innovation-driven development strategy with the strategy of
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strengthening the military through science and technology, so as to consolidate and improve

the integrated military-civilian S&T innovation system and independent innovation capability.

Military-civilian S&T collaborative innovation is precisely the intersection of two strategies:

innovation-driven and S&T-enhanced military. As an important component of the integrated

national strategic system and capability, S&T collaborative innovation plays an important lead-

ing and supporting role in improving the integrated national strategic system and capability.

At present, military-civilian S&T collaborative innovation has become the core military

technology innovation strategy of China. Facing the current transformation requirements of

intelligent warfare [1], artificial intelligence (AI) has become an emerging dual-use technology

[2], and military applications of AI such as cloud computing, big data analysis, quantum com-

puting, and autonomous systems urgently need to strengthen military-civilian S&T collabora-

tive innovation [3, 4]. For example, quantum innovation technology, which has received

considerable attention in the field of frontier S&T innovation, lags behind the civilian sector in

its defense applications [5, 6]. In 2017, the CAS innovative center for quantum information and
quantum physics (Shanghai) jointly released a quantum computing cloud platform with Ali-

baba Cloud Computing. Alibaba, as a civilian company, participated in the cutting-edge strat-

egy of China’s defense innovation system for the first time, marking the beginning of a new

trend of civilian companies participating in cutting-edge innovation [7]. The Tianhe super-

computer is another typical example of successful military-civilian S&T collaborative innova-

tion. Based on China’s Advanced Technology Research and Development Program (863

Program), the Tianhe series supercomputers were mainly developed by the National University
of Defense Technology (military) in the early stage, and introduced to the National Supercom-
puting Center through military-civilian coordination to build a technology application plat-

form in the application stage, with enterprise groups such as China National Petroleum
Corporation (CNPC), Sinopec, and BGI (Shenzhen) as end users. The technology was

improved and upgraded by the National University of Defense Technology based on feedback

from applications. This process has promoted both the transformation and application of

defense science and technology achievements in the civilian market, as well as the in-depth

development of defense technology innovation, and is a model for the implementation of mili-

tary-civilian S&T collaborative innovation in China.

Thus, it can be seen that China’s military-civilian S&T collaborative innovation has

achieved remarkable results. However, due to the relative specificity, complexity and uncer-

tainty of military needs, it is difficult to form traction between military and civilian needs,

resulting in the lack of coordination and innovation in the military and civilian fields. Low

investment of civilian enterprises in the field of scientific research has also limited the

improvement of independent innovation capability and competitiveness. Therefore, the lack

of military-civilian collaborative innovation capability is a highly prominent obstacle to the

construction and development of China’s military.

In the integrated context of S&T collaborative innovation system, the long-term, stochastic

and complex nature of S&T innovation makes the innovation collaboration between military

and civilian enterprises show a dynamic trend. In order to maintain sustainable core competi-

tiveness, the military and civilian sides need to conduct continuous S&T collaborative innova-

tion, so the continuous time variable is an influential factor in the decision making of S&T

innovation behavior. General game theory is unable to solve dynamically evolving problems.

As an important dynamic model for dealing with conflict, competition, or cooperation

between multiple parties in continuous time [8], the differential game is suitable for studying

the optimal decision behavior under the direct interaction of the behavior of multiple partici-

pants in the system [9]. Therefore, this paper applies a stochastic differential game model

based on different scenarios of military-civilian S&T collaborative innovation with the military
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(military enterprises) and civilian enterprises as the main participants from the perspective of

the temporal continuity and stochastic nature of S&T collaborative innovation, and considers

the influence of military subsidies on the incentive effect of innovation. The purpose of this

paper is to establish a reasonable and practical theoretical model to study the problem of mili-

tary-civilian S&T collaborative innovation in the context of integrated national strategic sys-

tem and capability, and to provide an effective reference for improving the policy system of

military-civilian S&T collaborative innovation.

The remainder of this paper is organized as follows. Section 2 reviews the significant litera-

ture in the related field. Section 3 develops a differential game model of military-civilian S&T

collaborative innovation. Section 4 presents a comparative analysis of the equilibrium results

under three different scenarios. Section 5 performs numerical simulation experiments to verify

the plausibility of the model. Section 6 provides the main conclusions and policy

recommendations.

2 Literature review

The report of the 19th National Congress of the Communist Party of China clearly puts for-

ward the goal of forming a pattern of in-depth development of military-civilian integration

and building an integrated national strategic system and capability. Constructing an integrated

national strategic system and capability is the ultimate aim to be accomplished after forming

an all-factor, multi-discipline and high-efficiency pattern of deep military-civilian integration
development [10, 11]. Its essence is to promote the economic development and national

defense construction from the decentralized design to the military-civilian integration, from

the key areas to the extension and expansion of multiple fields, as well as from the loose combi-

nation of elements to the integration of all elements, thereby realizing the process of structural

optimization, resource conservation and technological innovation [12]. Modern warfare has

put forward more demands for military science and technology innovation. China faces the

double pressure of catching up with frontier technology and attacking key core technology.

However, the industrial structure and factor structure can hardly adapt to the demand

upgrade, and the self-enclosed development model can no longer meet the requirements of

military competition and S&T innovation. In the background of globalization, commercializa-

tion and digital economy, S&T innovation presents significant features such as cross-boundary

integration and collaborative association, and the development of military-civilian S&T collab-

orative innovation has become an inevitable trend [13, 14].

With the development of economy and society, the development of integration between

industries or organizations has become a common phenomenon, the essence of which is to

break through the boundaries and barriers in terms of demand, technology, products and skills

to achieve resource sharing [14]. Collaboration between system entities is also more likely to

result in innovation [15]. This type of collaborative innovation is characterized by a wide

range of interactive and integrated innovation activities among enterprises, the public sector,

universities and research institutions, and non-profit organizations to achieve scientific and

technological innovation [16–18]. Existing studies show that collaborative innovation is con-

sidered an important tool for solving current major social problems [19], especially in the pub-

lic domain [20]. The overall positive effect of external knowledge on enterprises’ innovation

activities has also been well documented [21–24]. Collaborative innovation promotes knowl-

edge complementarity, resulting in faster and higher quality innovation as well as higher pro-

ductivity [25, 26]. In addition, collaborative innovation relationships formed between subjects

through resource sharing, information exchange, and cooperative interaction can achieve

improved innovation performance [17]. As a consequence, collaborative innovation has
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become a vital innovation strategy [27] and an effective approach for conducting S&T innova-

tion [13, 25, 28]. For S&T innovation in the military sector, the generation of new military

S&T achievements requires multiple stages such as basic research, S&T research, and innova-

tion industry chain integration, etc. With the increasing complexity of weapon and equipment

systems, many technological innovations cannot rely on the military to complete indepen-

dently, and the entry of civilian enterprises into the military market (CMEE-MPM) can effec-

tively improve defense S&T capability and efficiency [29]. Indeed, collaborative innovation is

an effective way to address this problem.

The problems related to military-civilian S&T collaborative innovation have traditionally

attracted great attention. The existing literature has explored the influencing factors, economic

effects and mechanisms of military-civilian S&T collaborative innovation from macro and

micro dimensions, respectively.

In terms of theory and policy, foreign research on military-civilian S&T collaborative inno-

vation mainly focuses on standard establishment, system construction, system design, and so

on. Brandt [30] proposed the concept of dual-use technology and its application in the defense

domain. Lazaric et al. [31] argued that the defense innovation system mainly consists of two

major groups of interacting military and civilian participants, and technology and system

change and creativity enhancement are the urgent problems to be addressed. Acosta et al. [32]

concluded that policy research on dual-use technologies focuses on linking military and civil-

ian technologies and promoting S&T innovation with military and civilian components.

Domestic related literature mainly evaluated the level of military-civilian collaboration

development, military-civilian collaboration policies and technology integration models in

China. The overall level of military-civilian integration development in China has entered the

middle level, but there are some differences in the development level of various areas [33].

Wang et al. [34] found that there is a large gap between different levels of military-civilian inte-

gration policies through quantitative evaluation of military-civilian integration policies. Cao

et al. [35] found that the barriers of military-civilian technology integration affect the efficiency

of technology integration.

At the industrial level, the existing literature has mainly studied the factors influencing the

technological collaborative innovation capability of the military and civilian industries [36].

Mowery [37] concluded that relying on external contractors would improve the performance

of military-civilian S&T innovation and promote wider dissemination and application of inno-

vation fruits. Kulve and Smit [38] proposed to construct a dual capability network and make it

an important part of achieving the strategic development of military-civilian S&T integration.

Zhou [39] conducted a study on the influence of technological collaborative innovation capa-

bility of military-civilian integration industries. Tian et al. [40] constructed a system dynamics

model by analyzing the interaction between influencing factors based on the establishment of

a system of influencing factors for collaborative innovation in military-civilian S&T. Lu et al.

[41] applied a network slack-based metric (NSBM) DEA model to evaluate the R&D efficiency

and socio-economic efficiency of dual-use technology innovation programs, Lee and Park [42]

further built on it to analyze the efficiency of the whole weapon system in terms of technical

capabilities and operations.

At the empirical analysis level, the existing literature addresses the performance of military-

civilian S&T collaborative innovation. Yang et al. [43] employed panel data from Chinese

provinces to empirically analyze the impact of military-civilian collaborative innovation on

defense innovation performance and spatial spillovers. Stanley-Lockman [44] assessed the dif-

ferences in the pursuit of open military-civilian innovation approaches and systems among

different military services in the U.S. Sun et al. [45] used a double-difference method to exam-

ine the impact and path of military-civilian collaboration on firms’ key core technology
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innovation, and provided empirical studies on the impact of military-civilian collaboration

strategy on the breakthrough of key core technologies.

From the perspective of policy practice, countries worldwide to actively promote the imple-

mentation of new initiatives to encourage collaborative innovation in military-civilian S&T.

The U.S. Department of Defense (DoD) has established the DoD Office of Technology Trans-

fer (OTT) to implement the Defense Technology Transfer Program (DTTP), which is respon-

sible for developing technology transfer and dual-use technology policies. In particular, the

Defense Advanced Research Projects Agency (DARPA) has designed good collaboration

mechanisms and established an innovation ecosystem including academic organizations, S&T

companies, and government partners that have played a major role in driving the U.S. mili-

tary-civilian integration (MCI) process. Russia has actively established joint military-civilian

groups and emphasized the development and utilization of dual-use technologies. Japan has

mainly formulated policies and regulations to ensure the development of military-civilian inte-

gration, and promoted the integration of industry-military-academia. Israel has established a

bidirectional military-civilian integration ecosystem model, which effectively promotes the

interaction and integration of defense S&T and civilian industrial technology. The advanced

practices in the implementation of military-civilian integration policies in the above-men-

tioned countries have significant implications for the construction of China’s military-civilian

S&T innovation system.

Summarizing the above literature, we found that the current degree of integration of the

military-civilian S&T innovation system in China is still not deep enough. The highlighted

problems, such as the poor operability of policy measures, the complicated innovation proce-

dures of military technologies, and the ineffective information sharing between the military

and civilian sectors, have to some extent hindered the momentum of collaborative military-

civilian S&T innovation.

The differential game has been widely used in the study of collaborative innovation. Guo

et al. [46] presented a method to calculate the optimal effort level and optimal revenue of both

parties in the school-enterprise collaborative innovation (SECI) system based on the differen-

tial game, which effectively argued the advantages of school-enterprise collaborative innova-

tion in DT technology. Xu and Fan [47] applied the differential game theory to explore the

problems of technology innovation and social responsibility in school-enterprise collabora-

tion. Yi and Zhang [48] employed the differential game approach to examine the utility of

multi-channel financing on the benefits of green technology innovation in industry-university

research under different cooperation models and its impact on the distribution of benefits.

Cheng et al. [49] developed a green supply chain differential game model for green technology

R&D and compared the equilibrium solutions under centralized and decentralized decision

making. Yin and Li [50] studied the stochastic differential game problem of green building

technology transfer from academic research institutes to construction firms in a construction

firm-academic research institute collaborative innovation (BACI) system. Wang et al. [51]

considered the reverse supply chain differential game problem of technological innovation

from a competitive perspective. Ma et al. [52] studied the optimal knowledge sharing strategy

among firms in collaborative innovation in industrial clusters based on the differential game,

and found that the Pareto optimum of the individual returns of both parties can be achieved

within a certain threshold of the revenue allocation coefficient. Wen et al. [53] built a dynamic

differential game model for innovation strategies and behavioral choices in competitive phar-

maceutical supply chains. The application of differential game in the field of military-civilian

collaborative innovation is comparatively less. Cao et al. [54] applied stochastic differential

game theory to build a dynamic development model of dual-use technology conversion. Zhao

et al. [55] constructed a differential game model to study technology sharing between military
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and civilian enterprises in the military-civilian collaborative innovation system, and found

that collaborative cooperation is strictly better than the non-cooperative scenario.

There are some limitations in the existing literature. (1) Most of the existing studies focus

on discussing the theoretical framework, development model and countermeasure mechanism

of military-civilian S&T collaborative innovation from a macroscopic perspective, but this

paper will introduce the differential game approach to study the problem of practical strategy

selection in military-civilian S&T collaborative innovation. (2) Unlike the research on school-

enterprise collaborative innovation and industry-university-research collaborative innovation,

the military often occupies a dominant position in China’s military-civilian collaborative inno-

vation system, and the literature on military-civilian S&T innovation based on the differential

game model only considers military enterprises and local enterprises, and only introduces mil-

itary behavior as an exogenous variable in the game model. Therefore, this paper introduces

military enterprises as military affiliates and military cost subsidies as endogenous variables

into the model for analysis. (3) The existing literature research does not fully reflect the impor-

tant characteristics of uncertainty and randomness of technological innovation, which makes

the research conclusions have certain limitations. This paper focuses on the influence of ran-

dom disturbance variables and decision makers’ risk preferences on the choice of military-

civilian S&T collaborative innovation strategy.

In summary, the main problem that military-civilian S&T collaborative innovation aims to

solve is how to stimulate both the military and civilian sides to maximize the innovation level

and benefits of the collaborative innovation system. Since S&T innovation is usually long-

term, complex and high-risk, especially the barriers for civilian high-tech enterprises to partici-

pate in collaborative innovation, the rapid change of technological products and the uncer-

tainty of the external environment often make the risks of military-civilian S&T collaborative

innovation unpredictable. In the process of military-civilian S&T collaborative innovation,

military and civilian enterprises have conflicting goals, both aiming to maximize their own

interests. In order to motivate civilian enterprises to participate in innovation, the military

makes up for civilian enterprises’ innovation cost expenditures to a certain extent, but the cost

subsidies are also limited by military budget funds. Accordingly, this paper introduces the dif-

ferential game approach from the perspective of the long-term and stochastic nature of mili-

tary-civilian S&T collaborative innovation, and investigates the strategy selection in military-

civilian S&T collaborative innovation from a dynamic perspective, using the HJB equation to

examine the optimal innovation effort level, optimal innovation benefit level, and optimal total

innovation benefit level of military and civilian enterprises under three military-civilian S&T

innovation modes. The paper further explores the key factors affecting the choice of military-

civilian S&T collaborative innovation models, analyzes the effect of military cost subsidies on

military-civilian S&T collaborative innovation, investigates the effects of random disturbance

variables and decision makers’ risk preferences on strategies, and seeks the optimal strategies

for military-civilian S&T collaborative innovation under a dynamic framework.

The main innovations of this paper are as follows. (1) The existing literature research fails

to fully reflect the important characteristics of uncertainty and randomness of technological

innovation, which makes the research conclusions have certain limitations. This paper intro-

duces stochastic factors into the military-civilian science and technology innovation model for

research, and analyzes the influence of uncertainty on strategy selection. (2) The improvement

effect of military subsidies on the decision making and overall benefits of military-civilian S&T

collaborative innovation is analyzed. (3) The impact of stochastic disturbances of different

intensity on system stability is revealed. It is expected that the obtained relevant conclusions

can provide support for rational theoretical basis and policy reference for scientific decision

making in strategy selection, incentive mechanism and benefit distribution of military-civilian
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S&T collaborative innovation, and promote the development of military-civilian S&T collabo-

rative innovation.

3 Model construction

As an important game method to study how participants interact and make decisions in con-

tinuous time, a differential game can reflect the dynamic change of the decision-making sub-

ject’s strategy. In order to fully reflect the important characteristics of long-term, complexity

and risk of military-civilian S&T collaborative innovation, this paper adopts the stochastic dif-

ferential game model to study the strategy selection problem of military-civilian S&T collabo-

rative innovation from a dynamic perspective.

The model takes a S&T collaborative innovation system consisting of the military (M) and

the individual civilian enterprise (C) as the object of study. We consider the military enterprise

to be affiliated with the military and do not consider the game relationship between the mili-

tary enterprise and the military. We assume that the participants are perfectly rational and pos-

sess full information, and aim to maximize their own returns. Let EM(t) denote innovation

effort level of the military at time t, and EC(t) denote the innovation effort level of the civilian

enterprise at time t. The level of innovation effort of military and the civilian enterprise is posi-

tively correlated with their innovation costs. The higher the level of innovation effort, the

higher the innovation costs.

Based on Gould [56], Huang et al. [57] and Lin et al. [58], the innovation costs are assumed

to be:

CMðtÞ ¼
1

2
mME2

MðtÞ

CCðtÞ ¼
1

2
mCE

2

CðtÞ
ð1Þ

8
>><

>>:

where μM and μC respectively denote the innovation cost coefficients of the military and the

civilian enterprise. CM(t) and CC(t) represent the cost of innovation for the military and the

civilian enterprise, respectively.

In the process of S&T collaborative innovation, on the one hand, the participation strategies

of civilian enterprises change in response to the market environment, R&D bottlenecks, and

other internal and external risks, which in turn causes uncertainty in the level of S&T collabo-

rative innovation. On the other hand, the complex procedures of military technology acquisi-

tion and the unfavorable situation of multiple steps and long cycle time of result

transformation also indirectly affect the level of S&T collaborative innovation. It can be seen

that uncertainties cause dynamic fluctuations in the level of S&T collaborative innovation. The

deterministic game theory cannot fully reflect the real state of the subject’s decision-making

behavior. In practical application, the stochastic process caused by random factors can gener-

ally be described approximately by the Brownian process, which obeys a normal distribution.

Therefore, in this paper, we use the Brownian process to reflect the random disturbance factors

in the process of the subject’s behavior and describe the stochastic change process of the level

of scientific and technological collaborative innovation [54, 59]. We analyze the behavioral

decisions of the military and the civilian enterprise to elucidate the changes in the stability of

the system under stochastic disturbances. Referring to the related studies on differential game

models [50, 60, 61], the stochastic differential equation was used to represent the change in the

PLOS ONE Military-civilian collaborative innovation based on a stochastic differential game model

PLOS ONE | https://doi.org/10.1371/journal.pone.0292635 January 5, 2024 7 / 29

https://doi.org/10.1371/journal.pone.0292635


level of S&T collaborative innovation over time as:

dGðtÞ ¼ ðlMEMðtÞ þ lCECðtÞ � dGðtÞÞdt þ sGðtÞdzðtÞ

Gð0Þ ¼ G0 � 0
ð2Þ

(

where G(t) denotes the level of technological innovation at the time t. G(0) = G0�0 represents

the initial state of the system. λM�0 and λC�0 denote the coefficient of influence of the effort

exerted by the military and the civilian enterprise on the level of technological innovation,

respectively. δ>0 indicates the decay rate of the technology level in the technological innova-

tion system, which is usually the relative decay rate of the technology being eliminated due to

the rapid iteration of technological products and the incompatibility of the level of technologi-

cal updates [48]. We set σG(t) as the random interference factors. z(t) is the standard Wiener

process [50, 59], satisfying sðGðtÞÞdzðtÞ ¼ s
ffiffiffiffi
G
p

dzðtÞ [50, 62].

The total benefit level of the S&T collaborative innovation system π(t) at time t is expressed

as:

pðtÞ ¼ aEMðtÞ þ bECðtÞ þ εGðtÞ ð3Þ

where α>0 and β>0 are the marginal revenue coefficients, which indicate the degree of impact

of the efforts made by the military and the civilian enterprise on the overall revenue in S&T

collaborative innovation, respectively. ε>0 is the S&T innovation impact factor representing

the degree of impact of S&T collaborative innovation on the overall revenue.

In practice, from a self-interest perspective, enterprises are vulnerable to reduced effort or

free-riding behavior. In order to promote continuous S&T collaborative innovation between

the military and the civilian enterprise, to fully stimulate the willingness of the enterprise to

cooperate in technological innovation, the military will subsidize to a certain extent the cost of

technological innovation for the enterprise. We set the subsidy ratio as θ(t), whose value range

is (0,1). The overall revenue obtained from the S&T collaborative innovation is distributed

between the two according to the pre-negotiated distribution ratio, with the civilian enterprise

receiving ω and the military receiving 1−ω, where ω is the allocation coefficient. The determi-

nation of the allocation coefficient should be decided according to the importance and contri-

bution of the military and the civilian enterprise in the process of S&T collaborative

innovation. In differential game problems, the discount rate can more accurately capture dis-

counted returns in long-run planning [63]. The military and the civilian enterprise have the

same discount rate ρ>0. Both parties have the goal of finding strategies for S&T innovation

efforts that maximize their respective returns over an infinite time horizon.

The objective function for the military and the civilian enterprises can be expressed as [64]:

maxJM ¼
Z 1

0

e� rt½ð1 � oÞðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
mME2

MðtÞ �
1

2
yðtÞmCE

2

CðtÞ�dt ð4Þ

maxJC ¼
Z 1

0

e� rt½oðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
ð1 � yðtÞÞmCE

2

CðtÞ�dt ð5Þ

Where, the objective function of the military at time t consists of three parts: the first part is

the benefit of participating in S&T collaborative innovation, the second part is the effort cost

of participating in S&T collaborative innovation, and the third part is to share the cost of S&T

innovation of civilian enterprises. The objective function of the civilian enterprise at time t
consists of two parts: one part is the benefit of participating in S&T collaborative innovation,

and the other part is the cost of participating in S&T collaborative innovation, including the

cost of the enterprise’s own efforts and the cost of military subsidies.
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There are three main control variables included in the differential game model: EM(t), EC(t)
and θ(t). Since the model is difficult to solve under dynamically changing parameters, we

assume that all model parameters are positive fixed constants, and are independent of time. In

an infinite interval of time, the military and the civilian enterprise face the same game. There-

fore, the equilibrium state corresponding to the static decisions of both participants is a static

feedback equilibrium. To simplify the expression, the time variable t is omitted in the following

study.

Combining with the actual situation, we divide the S&T collaborative innovation process in

the context of integration into non-cooperation model without military subsidies, non-cooper-

ation model with military subsidies and collaborative cooperation model, as shown in Fig 1.

3.1 Non-cooperative model without military subsidies (Model A)

In this case, the military and the civilian enterprise form an independent and equal competi-

tion relationship in the market. The military will not give subsidies to the civilian enterprise,

and both sides will make independent and reasonable S&T innovation decisions with the goal

Fig 1.

https://doi.org/10.1371/journal.pone.0292635.g001
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of maximizing their own revenue. At this point the subsidy ratio θ(t) = 0, the objective func-

tions of the military and the civilian enterprise are as follows:

maxJA
M ¼

Z 1

0

e� rt½ð1 � oÞðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
mME2

MðtÞ�dt ð6Þ

maxJA
C ¼

Z 1

0

e� rt½oðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
mCE

2

CðtÞ�dt ð7Þ

To achieve the Nash equilibrium in this case, we assume that both the military and the civil-

ian enterprise have optimal payoff functions VM(G) and VC(G), with continuously differentia-

ble and bounded payoff functions. The Hamilton-Jacobi-Bellman equation exists for all G�0

[63]:

rVMðGÞ ¼ maxEM�0½ð1 � oÞðaEM þ bEC þ εGÞ �
1

2
mME2

M

þV 0

MðGÞðlMEM þ lCEC � dGÞ þ
1

2
s2V 0

MðGÞ�
ð8Þ

rVCðGÞ ¼ maxEC�0½oðaEM þ bEC þ εGÞ �
1

2
mCE

2

C

þV 0

CðGÞðlMEM þ lCEC � dGÞ þ
1

2
s2V 0

CðGÞ�
ð9Þ

To maximize profits, the optimal level of innovation effort for the military and the civilian

enterprise is determined by Bellman theory of continuous dynamic programming [65]:

EA
M ¼
ð1 � oÞaþ lMV 0

MðGÞ
mM

; EA
C ¼

obþ lCV
0

CðGÞ
mC

ð10Þ

We take EA
M and EA

C into the HJB equation to obtain:

rVMðGÞ ¼ ½ð1 � oÞε � dV
0

MðGÞ�Gþ
½ð1 � oÞaþ lMV 0

MðGÞ�
2

2mM

þ
½ð1 � oÞbþ lCV

0

MðGÞ�½ob þ lCV
0

CðGÞ�
mC

ð11Þ

rVCðGÞ ¼ ðεo � dV
0

CðGÞÞGþ
ðobþ lCV

0

CðGÞÞ
2mC

2

þ
½ð1 � oÞaþ lMV 0

MðGÞ�½oaþ V 0

CðGÞlM�

mM

ð12Þ

The above equation shows that the linear function with G as the independent variable is the

solution of the HJB equation. Let VM(G) = m1G+m2 and VC(G) = n1G+n2 are satisfied for any

G�0, where m1, m2, n1, n2 are the constants to be solved. We plug the above expression into
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the HJB equation to solve for m1, m2, n1, n2:

m1 ¼
ð1 � oÞε
rþ d

m2 ¼
ð1 � oÞ

2
½ðrþ dÞaþ lMε�2

2rmMðrþ dÞ
2

þ
ð1 � oÞo½ðrþ dÞbþ lCε�½ðrþ dÞbþ lCε�

rmCðrþ dÞ
2

n1 ¼
oε
rþ d

n2 ¼
o2½ðrþ dÞbþ lCε�

2rmCðrþ dÞ
2

2

þ
ð1 � oÞo½ðrþ dÞaþ lMε�½ðrþ dÞaþ lMε�

rmMðrþ dÞ
2

ð13Þ

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

Combining the previous analysis, we can obtain the equilibrium results for the non-cooper-

ative model without military subsidies. The optimal innovation effort levels of military and the

civilian enterprise are:

EA∗
M ¼

ð1 � oÞ½ðrþ dÞaþ lMε�
ðrþ dÞmM

; EA∗
C ¼

o½ðrþ dÞbþ lCε�
ðrþ dÞmC

ð14Þ

The optimal benefits for the military and the civilian enterprise are as follows.

VA∗
M ðGÞ ¼

ð1 � oÞε
rþ d

Gþ
ð1 � oÞ

2
½ðrþ dÞaþ lMε�2

2rmMðrþ dÞ
2

þ
ð1 � oÞo½ðrþ dÞbþ lCε�2

rmCðrþ dÞ
2

ð15Þ

VA∗
C ðGÞ ¼

oε
rþ d

Gþ
o2½ðrþ dÞbþ lCε�

2rmCðrþ dÞ
2

2

þ
ð1 � oÞo½ðrþ dÞaþ lMε�2

rmMðrþ dÞ
2

ð16Þ

We further explore the dynamic development rules of S&T innovation. In Nash equilib-

rium, since the level of S&T innovation is influenced by random factors, we can obtain the

expectation and variance of S&T innovation:

sðGðtÞÞdzðtÞ ¼ s
ffiffiffiffi
G
p

dzðtÞ ð17Þ

dGðtÞ ¼ ðm � dGðtÞÞdt þ sGðtÞdzðtÞ

Gð0Þ ¼ G0 � 0
ð18Þ

(

According to the Itô Lemma, we can get:

d½GðtÞ�2 ¼ ½ð2mA þ s2ÞG � 2dG�dt þ 2Gs
ffiffiffiffi
G
p

dzðtÞ

½Gð0Þ�2 ¼ ðG0Þ
2
� 0

ð19Þ

(

E(G(t)) and E(G(t))2 satisfy the non-simultaneous linear differential equations:

dE½GðtÞ� ¼ ½mA � dEðGÞ�dt

E½Gð0Þ� ¼ G0

ð20Þ

(

dE½GðtÞ�2 ¼ ½ð2mA þ s2ÞG � 2dEðG2Þ�dt

E½Gð0Þ�2 ¼ ðG0Þ
2

ð21Þ

(
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The expectation and variance can be expressed as follows.

EA½GðtÞ� ¼
mA

d
þ e� dtðG0 �

mA

d
Þ

limt!1 EA½GðtÞ� ¼
mA

d

DA½GðtÞ� ¼
s2½mA � 2ðmA � dG0Þe� dt þ ðmA � 2dG0Þe� 2dt�

2d
2

limt!1 DA½GðtÞ� ¼
s2mA

2d
2

mA ¼
lMð1 � oÞ½ðrþ dÞaþ lMε�

ðrþ dÞmM
þ
lCo½ðrþ dÞbþ lCε�

ðrþ dÞmC

ð22Þ

3.2 Non-cooperative model with military subsidies (Model B)

In this case, the military will provide cost subsidies to promote the S&T innovation efforts of

the civilian enterprise. First, the military decides its own S&T innovation effort level EM(t) and

the cost subsidy ratio θ(t), and then the civilian enterprise decides its S&T innovation effort

level EM(t) according to the cost subsidy ratio θ(t), and the objective of both parties’ decisions

is to maximize their own benefits. The objective functions of the military and the civilian

enterprise are as follows:

maxJB
M ¼

Z 1

0

e� rt½ð1 � oÞðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
mME2

MðtÞ �
1

2
yðtÞmCE

2

CðtÞ�dt ð23Þ

maxJB
C ¼

Z 1

0

e� rt½oðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
ð1 � yðtÞÞmCE

2

CðtÞ�dt ð24Þ

Using the inverse induction method, the objective function of the civilian enterprise is first

solved, and then its optimal decision is substituted into the objective function of the military.

The optimal revenue function VC(G) of the civilian enterprise satisfies the following Hamilton-
Jacobi-Bellman equation.

rVB
CðGÞ ¼ maxEC�0½oðaEM þ bEC þ εGÞ �

1

2
ð1 � yÞmCE

2

C

þV 0

CðGÞðlMEM þ lCEC � dGÞ þ
1

2
s2V 00

CðGÞ�
ð25Þ

Similarly, the Bellman theory of continuous dynamic programming has been used to deter-

mine the optimal level of innovation effort for the civilian enterprise.

EB
C ¼

obþ lCV
0

CðGÞ
ð1 � yÞmC

ð26Þ

The optimal payoff function VB
MðGÞ for the military satisfies the following Hamilton-Jacobi-

Bellman equation.

rVB
MðGÞ ¼ maxEM�0½ð1 � oÞðaEM þ bEC þ εGÞ �

1

2
mME2

MðtÞ �
1

2
yðtÞmCE

2

CðtÞ

þV 0

MðGÞðlMEM þ lCEC � dGÞ þ
1

2
s2V 00

MðGÞ�
ð27Þ
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We bring EB
C into rVB

MðGÞ to get the military’s optimal level of innovation effort EB
M and

subsidy rate θB as follows.

EB
M ¼
ð1 � oÞaþ lMV 0

MðGÞ
mM

y
B
¼
ð2 � 3oÞbþ lCð2V 0

MðGÞ � V 0

CðGÞÞ
ð2 � oÞbþ lCð2V 0

MðGÞ þ V 0

CðGÞÞ

ð28Þ

We bring EB
M, EB

C and θB to ρVC(G) and ρVM(G) to obtain the following result.

rVMðGÞ ¼
½ð1 � oÞaþ lMV 0

MðGÞ�
2mM

2

þ
½ð2 � oÞbþ lCð2V 0

MðGÞ þ V 0

CðGÞÞ�
2

8mC

þ½ð1 � oÞε � dV 0

MðGÞ�G

ð29Þ

rVCðGÞ ¼
½ð1 � oÞaþ lMV 0

MðGÞ�½oaþ lMV 0

CðGÞ�
mM

þ
½obþ lCV

0

CðGÞ�½ð2 � oÞbþ lCð2V 0

MðGÞ þ V 0

CðGÞÞ�
4mC

þ ðεo � dV 0

CðGÞÞG
ð30Þ

Similarly, the above equation shows that the linear function with G as the independent vari-

able is the solution of the HJB equation. Let VM(G) = m1G+m2 and VC(G) = n1G+n2 are satis-

fied for any G�0. We take the above expression into the HJB equation to solve for m1, m2, n1,

n2.

m1 ¼
ð1 � oÞε
rþ d

m2 ¼
ð1 � oÞ

2
½ðrþ dÞaþ lMε�2

2rðrþ dÞ
2
mM

þ
ð2 � oÞ

2
½bðrþ dÞ þ lCε�2

8rðrþ dÞ
2
mC

n1 ¼
oε
rþ d

n2 ¼
ð1 � oÞo½aðrþ dÞ þ lMε�2

rðrþ dÞ
2
mM

þ
ð2 � oÞo½ðrþ dÞbþ lCε�2

4rðrþ dÞ
2
mC

ð31Þ

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

The optimal innovation effort levels of military and the civilian enterprise are:

EB∗
M ¼

ð1 � oÞ½ðrþ dÞaþ lMε�
ðrþ dÞmM

;EB∗
C ¼

ð2 � oÞ½ðrþ dÞbþ lCε�
2ðrþ dÞmC

y
B
¼

(
2 � 3o

2 � o
ð0 < o <

2

3
Þ

0ð
2

3
� o < 1Þ

ð32Þ

The optimal benefits for the military and the civilian enterprise are as follows.

VB∗
M ðGÞ ¼

ð1 � oÞε
rþ d

Gþ
ð1 � oÞ

2
½ðrþ dÞaþ lMε�2

2rðrþ dÞ
2
mM

þ
ð2 � oÞ

2
½bðrþ dÞ þ lCε�2

8rðrþ dÞ
2
mC

VB∗
C ðGÞ ¼

oε
rþ d

Gþ
ð1 � oÞo½aðrþ dÞ þ lMε�2

rðrþ dÞ
2
mM

þ
ð2 � oÞo½ðrþ dÞbþ lCε�2

4rðrþ dÞ
2
mC

ð33Þ
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The expectation and variance can be expressed as follows.

EB½GðtÞ� ¼
mB

d
þ e� dtðG0 �

mB

d
Þ

limt!1 EB½GðtÞ� ¼
mB

d

DB½GðtÞ� ¼
s2½mB � 2ðmB � dG0Þe� dt þ ðmB � 2dG0Þe� 2dt�

2d
2

limt!1 DB½GðtÞ� ¼
s2mB

2d
2

mB ¼
lMð1 � oÞ½ðrþ dÞaþ lMε�

ðrþ dÞmM
þ
lCð2 � oÞ½ðrþ dÞbþ lCε�

2ðrþ dÞmC

ð34Þ

3.3 Collaboration model (Model C)

In this case, the military and the civilian enterprise carry out S&T collaborative innovation and

jointly decide the level of S&T innovation efforts. The decision goal of both parties is to maxi-

mize the system benefits. At this moment, the cost subsidy of the military to civilian enterprises

can be regarded as the internal fund transfer of the collaborative innovation system. The sys-

tem objective function is as follows.

maxJC ¼

Z 1

0

e� rt½ðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
mME2

MðtÞ �
1

2
mCE

2

CðtÞ�dt ð35Þ

The optimal benefit function of the system V(G) satisfies the following Hamilton-Jacobi-
Bellman equation.

rVðGÞ ¼ maxEM�0;EC�0½ðaEMðtÞ þ bECðtÞ þ εGðtÞÞ �
1

2
mME2

MðtÞ �
1

2
mCE

2

CðtÞ

þV 0

ðGÞðlMEM þ lCEC � dGÞ þ
1

2
s2V 00

ðGÞ�
ð36Þ

Similarly, the Bellman theory of continuous dynamic programming has been used to deter-

mine the optimal level of innovation effort for the civilian enterprise.

EC
M ¼

aþ lMV 0

ðGÞ
mM

; EC
C ¼

bþ lCV
0

ðGÞ
mC

ð37Þ

We bring EC
M and EC

C into the HJB equation to obtain the result as follows.

rVðGÞ ¼ max
EM�0;EC�0

½
ðaþ lMV 0

ðGÞÞ
2mM

2

þ
ðbþ lCV

0

ðGÞÞ
2mC

2

þ ðε � dV 0

ðGÞÞGþ
1

2
s2V 00

ðGÞ� ð38Þ

The above equation shows that the linear function with G as the independent variable is the

solution of the HJB equation. Let V(G) = p1G+p2 is satisfied for any G�0.We bring the above

expression into the HJB equation to solve for p1, p2.

p1 ¼
ε

rþ d

p2 ¼
½aðrþ dÞ þ lMε�

2rðrþ dÞmM

2

þ
½bðrþ dÞ þ lCε�

2rðrþ dÞmC

2 ð39Þ

8
>>><

>>>:
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The optimal innovation effort levels of military and the civilian enterprise are:

EC∗
M ¼

aðrþ dÞ þ lMε
mMðrþ dÞ

; EC∗
C ¼

bðrþ dÞ þ lCε
mCðrþ dÞ

ð40Þ

The optimal benefits for the military and the civilian enterprise are as follows.

VC∗
M ðGÞ ¼ ð1 � oÞ½

ε
rþ d

Gþ
½aðrþ dÞ þ lMε�

2rðrþ dÞmM

2

þ
½bðrþ dÞ þ lCε�

2rðrþ dÞmC

2

�

VC∗
C ðGÞ ¼ o½

ε
rþ d

Gþ
½aðrþ dÞ þ lMε�

2rðrþ dÞmM

2

þ
½bðrþ dÞ þ lCε�

2rðrþ dÞmC

2

�

ð41Þ

The expectation and variance can be expressed as follows.

EC½GðtÞ� ¼
mC

d
þ e� dtðG0 �

mC

d
Þ

limt!1 EC½GðtÞ� ¼
mC

d

DC½GðtÞ� ¼
s2½mC � 2ðmC � dG0Þe� dt þ ðmC � 2dG0Þe� 2dt�

2d
2

limt!1 DC½GðtÞ� ¼
s2mC

2d
2

mC ¼
lM½aðrþ dÞ þ lMε�

mMðrþ dÞ
þ
lC½bðrþ dÞ þ lCε�

mCðrþ dÞ

ð42Þ

4 Equilibrium analysis

Combining the above model projection results, we compare the equilibrium strategies, optimal

benefits and steady states of the S&T innovation system of the military and the civilian enter-

prise under three different models, and explore the conditions for S&T innovation cooperation

between the military and the civilian enterprise, as well as the impact of the intensity of ran-

dom disturbances on the decisions of both parties.

4.1 Equilibrium analysis of optimal innovation effort level

The optimal level of innovation effort of military and the civilian enterprise is positively corre-

lated with the marginal revenue coefficient. Thus, the higher the level of innovation effort

exerted by the military and the civilian enterprise, the greater the impact of S&T innovation.

We take Model A as an example for further analysis. When S&T innovation projects are less

difficult and complex, the discounting rate ρ and the technology degradation rate δ tend to be

higher. At this time there may be
ð1� oÞa

mM
�

ð1� oÞlMε
ðrþdÞmM

, ob

ðrþdÞmC
�

olCε
ðrþdÞmC

. In this case, the marginal

revenue coefficients of both parties have a weaker influence on the decision about the optimal

level of innovation effort. When S&T innovation projects are more difficult and complex, the

discounting rate ρ and the technology degradation rate δ are typically lower. At this time there

may be
ð1� oÞa

mM
�

ð1� oÞlMε
ðrþdÞmM

, ob

ðrþdÞmC
�

olCε
ðrþdÞmC

. In this case, the marginal benefit coefficients of both

parties play a crucial role in determining the optimal level of innovation effort. Although the

military does not provide subsidies to the civilian enterprise, it can also motivate them to

increase the level of innovation effort.
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Firstly, we compare the optimal innovation effort levels of the military and the civilian

enterprise in the three models to obtain EA∗
M ¼ EB∗

M < EC∗
M . It can be found that the military has

not reduced its level of innovation effort by paying a cost subsidy. When the subsidy ratio θB is

positive ð0 < o < 2

3
Þ, we have EA∗

C < EB∗
C < EC∗

C . Military cost subsidies can increase the level of

innovation effort of the civilian enterprise. Thus, military subsidies are effective in providing

innovation incentives to the civilian enterprise. However, the military’s cost subsidy rate is tied

to the revenue allocation ratio. Therefore, the military will only subsidize the costs of the civil-

ian enterprise if ω in the range of ½0; 2

3
�.

Comparing models A and B, cost subsidies can effectively guide the civilian enterprise to

invest in S&T innovation efforts, which further leads to an improved level of S&T collaborative

innovation and mitigates the double marginal effects under the no-subsidy decision. The

respective and total S&T innovation levels of military and the civilian enterprise achieve partial

Pareto improvements under the military subsidy. Further analysis shows that the optimal

effort of the civil enterprise in the non-cooperative mode is related to its revenue allocation

ratio, innovation impact ratio, marginal revenue ratio and cost ratio, whereas in the collabora-

tive mode, the optimal effort of the enterprise is not related to the revenue allocation ratio. It

can be observed that in the process of collaborative innovation, the optimal effort of the enter-

prise is no longer influenced by the revenue allocation ratio, but depends more on its own

capability.

4.2 Equilibrium analysis of optimal benefits

First, a comparative analysis of the overall optimal level of benefits under different models

shows that when 0 < o < 2

3
, VA∗

MþC < VB∗
MþC < VC∗

MþC. The contrast shows that the total optimal

revenue level is highest in the S&T collaborative innovation model, next in the model with mil-

itary subsidies, and lowest in the model without military subsidies. Accordingly, S&T collabo-

rative innovation between the military and civilian enterprises is conducive to improving the

overall optimal revenue level of the system.

Then, we compare and analyze the optimal level of benefits for the military under different

models to obtain that when 0 < o < 2

3
, VA∗

M < VB∗
M must hold. That is, compared to the model

without military subsidies, the optimal level of benefits for the military is higher in the model

with military subsidies.

At last, we compare and analyze the optimal level of benefits for the civilian enterprise

under different models to obtain that when 0 < o < 2

3
, VA∗

C < VB∗
C must hold. That is, the opti-

mal level of returns for civilian firms is higher in the model with military subsidies than in the

model without military subsidies. However, further comparison requires a disaggregated dis-

cussion of the revenue allocation factors.

Let φM ¼
½ðrþdÞaþlMε�2

rmMðrþdÞ
2 , φC ¼

½ðrþdÞbþlCε�
2rmCðrþdÞ

2

2

. Owing to the highest overall optimal benefit level in

the case of S&T collaborative innovation, the difference between the benefit levels of the mili-

tary and the civilian enterprise in different modes is mainly related to the benefit allocation

coefficient and φMφC. By designing a reasonable benefit distribution scheme, the optimal bene-

fit distribution between military and civilian enterprises can be achieved, so that both sides can

realize their optimal technology sharing benefits in the collaborative innovation mode are

higher than other modes. At this point, collaborative innovation is Pareto optimal for both

sides. Thus, to coordinate the technology sharing behavior of both sides, the benefit allocation

coefficients need to be discussed.

From VC∗
M � VB∗

M > 0 and VC∗
C � VB∗

C > 0, we have
2φM

4φMþφC
� o �

4φM
4φMþφC

. Due to 0 < o < 2

3
,
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we get 0 <
2φM

4φMþφC
< 1

2
< 2

3
. Therefore, when

4φM
4φMþφC

� 2

3
, the range of values of the benefit distri-

bution coefficient is ½
2φM

4φMþφC
; 2

3
Þ. When

4φM
4φMþφC

< 2

3
, the range of values of the benefit distribution

coefficient is ½
2φM

4φMþφC
;

4φM
4φMþφC

�. In the reasonable range of the benefit distribution coefficients,

there are VA∗
C < VB∗

C < VC∗
C and VA∗

M < VB∗
M < VC∗

M hold. At this point the system is able to

achieve optimal Pareto for both parties involved in S&T collaborative innovation.

Although the total benefits of both military and the civilian enterprise under the collabora-

tive cooperation model are higher than the total benefits under the two non-cooperative mod-

els of no-cost subsidy and cost subsidy, they will not choose to cooperate if the benefit

allocation within the system is unreasonable and the benefit distribution is unclear, so a rea-

sonable benefit allocation coefficient must be determined to achieve individual Pareto optimal-

ity for the military and civilian enterprises.

4.3 Analysis of system stability

We further analyze the trend of expectation and variance over continuous time. When d > mA

G0
,

@EA ½GðtÞ�
@t < 0. The level of technological innovation effort declines over time, and both the mili-

tary and the civilian enterprise require a continuous increase their effort to ensure effective-

ness. When d < mA

G0
,
@EA ½GðtÞ�

@t > 0. The level of S&T innovation effort increases over time. Thus,

the military and the civilian enterprise can maintain a stable level of S&T innovation effort

without additional effort. When d > mA

G0
and t > ln2

d
,
@DA ½GðtÞ�

@t < 0. The variance of the level of

S&T collaborative innovation gradually decreases over time, and the effect of random distur-

bances on the stability of the system is slight. When d < mA

G0
or d > mA

G0
and t < ln2

d
,
@DA½GðtÞ�

@t > 0.

The variance of the level of S&T innovation gradually increases with time. At present, random

disturbances have a greater impact on the level of S&T innovation, and the military and the

civilian enterprise should further improve their ability to cope with the risk.

The results of comparing the expected value and variance of the level of S&T collaborative

innovation and the stability value under the three models are:

EC½GðtÞ� > EB½GðtÞ� > EA½GðtÞ�; lim
t!1

EC½GðtÞ� > lim
t!1

EB½GðtÞ� > lim
t!1

EA½GðtÞ�

DC½GðtÞ� > DB½GðtÞ� > DA½GðtÞ�; lim
t!1

DC½GðtÞ� > lim
t!1

DB½GðtÞ� > lim
t!1

DA½GðtÞ�

Compared with the unsubsidized model, the level of S&T innovation under the military-

subsidized model is improved, but the variance increases. In comparison with the first two

models, the S&T innovation level under the collaborative innovation model has the dynamic

evolution characteristics of maximum expectation and variance, which is due to the fact that

the military does not perform its management and regulation functions under the collabora-

tive model of military and civilian enterprises, resulting in greater risk and uncertainty faced

by the system. Although the maximum expected level of innovation is achieved in the collabo-

rative innovation model, in practice, the military is generally risk neutral, so for risk-averse

civilian enterprises can choose collaborative innovation, while risk-averse civilian enterprises

will tend to choose the non-cooperative model. If the military wants to reach a higher level of

S&T innovation through the collaborative innovation model, it must strengthen the manage-

ment of the stability and continuity of the system to motivate civilian enterprises to participate

in the collaboration.
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5 Numerical analysis

In order to verify the reasonableness of the above conclusions, we conducted numerical simu-

lation experiment. In the process of military-civilian S&T collaborative innovation, it is

assumed that the military’s technological innovation efforts can bring about greater technolog-

ical innovation and benefit enhancement, as the military is more dominant. The relationship

λM>λC, α>β and μM>μC hold. Under the premise of the basic assumptions of the model,

drawing on the research results in the school-enterprise cooperation and innovation system

[46], combined with the actual military-civilian S&T collaborative innovation, the parameters

are set as follows: λM = 0.6, λC = 0.4, α = 0.7, β = 0.4, μM = 0.6, μC = 0.3, G0 = 10, t = 80, ρ = 0.1,

δ = 0.1, ε = 0.1, σ = 0.1. We disaggregate the S&T innovation levels by referring to the relevant

literature [59]: Gðt þ DtÞ ¼ GðtÞ þ Dtðm � dGðtÞÞ þ s
ffiffiffiffiffiffiffiffiffi
GðtÞ

p ffiffiffiffiffi
Dt
p

ZðtÞ, where Z(t)~N(0,1) is a

standard normally distributed variable.

5.1 Stochastic evolutionary simulation analysis of S&T innovation level

Given the stochastic disturbance factor σ = 0.1, the above relevant parameters were substituted

into the decision expression for the level of technological innovation, and the evolution char-

acteristics of the supply of epidemic prevention materials and their expectation and variance

under the three cases were analyzed by using MATLAB software.

First, we simulated the evolution of the S&T innovation level over time, as shown in Fig 2.

Due to the long-term and complex characteristics of S&T innovation and the interference of

random factors in the innovation process, the evolution of the S&T innovation level shows

fluctuations. However, the innovation level still shows an incremental trend over time and

Fig 2.

https://doi.org/10.1371/journal.pone.0292635.g002
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eventually reaches a stable state. Comparing the three models, it can be seen that in the cooper-

ation model, the S&T innovation level grows the fastest and reaches the highest S&T innova-

tion level, whereas in the non-cooperation model, military subsidies can increase the growth

rate of the S&T innovation level and make the system reach the S&T innovation level in a

shorter period of time.

As shown in Figs 3 and 4, we have simulated the trend of S&T innovation level expectation

and variance evolution over time. The expectation of S&T innovation level grows slowly under

the no-subsidy model, whereas under the collaborative cooperation model, it is able to achieve

a rapid growth of S&T innovation level, which eventually reaches approximately twice as

much as the expectation under the non-cooperation model. Although in reality, the S&T inno-

vation level is subject to random disturbing factors and deviates from the expected value, it can

maintain a floating range with a confidence level of about 95%. Therefore, the military and

civilian enterprises can make decisions on the S&T innovation model according to the range

in which the expected value is located.

Compared with the non-cooperative model, S&T innovation under the cooperative model

is exposed to more risks and random disturbance factors, and its stability is worse, which indi-

cates that the development of S&T innovation is significantly influenced by the innovation

model. Under the cooperative model, both the military and the civilian enterprise take the

overall benefit of the system as the decision target, which lowers the threshold of technology

transfer and improves the efficiency and level of S&T innovation. However, the lack of supervi-

sion and management functions of the military in the collaborative cooperation model makes

S&T innovation less stable.

Fig 3.

https://doi.org/10.1371/journal.pone.0292635.g003
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5.2 Comparative analysis of the benefits of S&T innovation

We set the revenue allocation coefficient ω = 0.6, which is able to satisfy the Pareto optimality

condition. Figs 5 and 6 simulate the evolution of benefits for the military and the civilian enter-

prise under different models, respectively. For both military and the civilian enterprise, the

benefits under the collaborative model are much higher than those under the non-cooperative

model.

As shown in Fig 7, when the military and the civilian enterprise collaborate in innovation,

the overall system benefits are much larger than the overall benefits in the non-cooperation

mode, and they can achieve the fastest growth of system benefits and reach a stable state. For

the military, actively guiding civilian enterprises to participate in S&T collaborative innovation

and formulating a reasonable benefit distribution scheme can achieve a stable situation of

mutual benefit and win-win for both sides.

5.3 Analysis of the effectiveness of military-subsidized Pareto

improvements

To further explore the importance of cost subsidies in S&T innovation, we separately compare

the Pareto improvement effects of military subsidies. Numerical simulation is used to compare

the level of benefits for military and civilian enterprises in the no-military-subsidy model and

the military-subsidy model over the same time horizon. As shown in Fig 8, military cost subsi-

dies can significantly improve the revenue level of both the military and the civilian enterprise,

and the degree of revenue improvement is greater for the civilian enterprise. The military can

share the innovation risk with the civilian enterprise and mitigate the double marginal effect of

Fig 4.

https://doi.org/10.1371/journal.pone.0292635.g004
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Fig 5.

https://doi.org/10.1371/journal.pone.0292635.g005

Fig 6.

https://doi.org/10.1371/journal.pone.0292635.g006
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Fig 7.

https://doi.org/10.1371/journal.pone.0292635.g007

Fig 8.

https://doi.org/10.1371/journal.pone.0292635.g008
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the no-subsidy model, so that both the military and the civilian enterprise can achieve Pareto

improvements.

5.4 Analysis of the effects of random disturbance variables

To further explore the effects of random disturbance variables on S&T innovation levels and

returns, we analyzed the evolution of S&T innovation levels and overall system returns over

time when the random disturbance variable σ = 0.6. From Figs 9 and 10, it can be obtained

that under the influence of disturbance factors, the STI level and overall system revenue main-

tain the overall trend of growth and eventually reach a steady state. As the intensity of the dis-

turbance increases, the Pareto improvement effect of the military subsidy receives a shock. At

discrete time points, the innovation level or the overall revenue level in model B may be lower

than that in model A. The decisions of the military and the civilian enterprise may change with

the influence of external uncertainties, leading to the destabilization of the system. Therefore,

the military needs to strengthen the response capability of the S&T innovation system to resist

external uncertainty risk factors.

6 Conclusions and policy recommendations

S&T innovation, as the key to achieving the goal of an integrated national strategic system and

capability, is particularly important in military competition. As an effective way to improve

S&T innovation capability, military-civilian collaborative S&T innovation is inevitably affected

by uncertainties such as technology iteration, R&D risks, transfer barriers, and enterprise risk

preferences. Different from previous studies, this paper, with the help of stochastic differential

Fig 9.

https://doi.org/10.1371/journal.pone.0292635.g009
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game theory, incorporates the dynamic development of military-civilian collaborative innova-

tion into a unified research framework. The results of the study indicate that:

1. The level of S&T innovation and overall revenue is lower in the non-cooperative mode

without military subsidies than in the cooperative mode.

2. In the non-cooperative model with military subsidies, cost subsidies, as an effective adjust-

ment mechanism, can lead to an increase in the benefits of both the military-civilian S&T

collaborative innovation system and the participating parties. The military can adjust the

subsidies to civilian enterprises according to the strategic needs of national defense and

market changes.

3. S&T collaborative innovation is conducive to improving the level of S&T innovation and

the optimal revenue of the system. Within a reasonable range of values of the revenue allo-

cation coefficient, the system can achieve the Pareto optimum for both parties to participate

in S&T collaborative innovation. The collaborative cooperation mode is the best strategy

for military-civilian S&T collaborative innovation. The range of values of the benefit alloca-

tion coefficients should be reasonably set to achieve the Pareto optimum of the system and

the participating subjects.

4. The optimal effort of civil enterprises in the non-cooperation mode is related to the revenue

allocation coefficient, but in the collaborative cooperation mode, the optimal effort of civil

enterprises is not related to the revenue allocation coefficient, which may reflect that in the

process of scientific and technological collaborative innovation, the optimal effort of

Fig 10.

https://doi.org/10.1371/journal.pone.0292635.g010
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enterprises is no longer influenced by the revenue allocation coefficient, but depends more

on their own ability.

5. Compared with the no subsidy mode, the level of S&T innovation under the military subsidy

mode is improved, but the variance increases. Risk-averse civilian firms may choose coopera-

tive innovation, while risk-averse civilian firms will tend to choose the non-cooperative mode.

In light of the above conclusions, we propose the following policy recommendations:

1. Adopt appropriate subsidy policies to guide enterprises to participate in military-civilian

S&T collaborative innovation. For civilian enterprises, the military subsidy policy can allevi-

ate the pressure of innovation cost to a certain extent, disperse the impact of double mar-

ginal effect, and prompt enterprises to increase the investment in S&T innovation driven by

interests. In addition to cost subsidies, loan subsidies and capital injection can also be used

in various ways to provide the necessary guarantee conditions for civilian enterprises to

complete the collaborative innovation of military-civilian S&T.

2. Strengthen the system construction of military-civilian S&T collaborative innovation and

stimulate the innovation vitality of civilian enterprises. The riskiness of innovation greatly

hinders civilian enterprises to participate in military-civilian S&T collaborative innovation.

Strengthening the system construction of information sharing, price mechanism to pro-

mote effective, risk sharing and win-win benefit is conducive to alleviating the innovation

pressure of civilian enterprises and forming the traction effect of S&T collaborative innova-

tion. In particular, it is necessary to sort out and rationalize the interests between the sub-

jects of military-civilian S&T collaborative innovation, improve the benefit distribution

mechanism, objectively and accurately evaluate the value of the cooperation results, and

distribute the total revenue according to the degree of contribution of the subjects, so as to

protect the reasonable interests of both military and civilian parties.

3. Improve the convergence of supporting policies and optimize the internal and external

environment of collaborative innovation. By formulating and improving measures for the

transformation of military-civilian S&T achievements and intellectual property protection

policies, and further strengthening policy guidance for civilian high-tech enterprises, we

can enhance the strength of military-civilian S&T collaborative innovation and reduce the

internal and external risks of the collaborative innovation system.

The study in this paper still has some limitations:

1. This paper assumes that all parameters in the model are constant and independent of time,

which can be followed for the non-degenerate problem of differential equation.

2. In this paper, military enterprises are regarded as affiliated organizations of the military,

and the game relationship between them is not considered. The subsequent study can be

extended to the problem of military-led, military-civilian S&T collaborative innovation

with the participation of military enterprises and civilian enterprises.

3. In reality, the military-civilian S&T collaborative innovation system is often more complex

and involves the participation of multiple civilian enterprises. The competition and cooper-

ation relationship of multiple participants deserves further research.
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